Abstract: Permanent monitoring of two important parameters, pressure and temperature, plays an important role in reservoir engineering to increase the production rates of oil wells. The numerous advantages of photonic crystal fiber (PCF) sensors make them a proper choice as a sensor in the hostile environment of well. In this paper, we propose short length, high sensitive pressure, and temperature sensor based on hollow-core PCF. The validation of the proposed design is carried out by employing the 3-D finite-difference time domain (FDTD) method. Our sensor mechanism is based on the transmission peak wavelength shift caused by the temperature/pressure changes, with special emphasis on geometric parameters of the structure of PCF. We show that the proposed design provides a sensitivity about 480 nm/RIU with a linear dependence of the resonance wavelength on the refractive index of the ambient and PCF holes at ¼ 1:55 m.
Introduction
There is a great interest in real-time acquisition data in reservoir engineering. Accurate, reliable, frequent, and real-time measurements of physical quantities such as pressure, temperature, strain, and flow are known to be of great importance for downhole monitoring, which helps to optimize the production rates and reservoir recovery [1] , [2] . Pressure and temperature of the wells are crucial parameters in reservoir management. Typical amount of pressure and temperature in oil wells are 138 MPa (20 kpsi) and 175 C, respectively [3] . Conventional electrical gauges used for in-well parameter measurement have a high failure rate in a high temperature environment. They have a lifetime of 1-3 years in limited temperature up to 175 C [3] . Therefore, they are not appropriate for downhole application with temperature over 200 C. Optical fiber sensors have well known advantages over their electrical counterparts, such as small size, light weight, electromagnetic immunity, and high resistance to corrosion. They have an estimated lifetime of 5-10 years and function up to 250 C. So, optical fiber sensors for downhole application have attracted great interest for a variety of technological applications [4] . These new sensors have been used in different oil fields, and their proper sensitivity and long life time have been proven practically. For example, in 1993-2002, pressure, temperature, and flow rate sensors have been installed in the Gulf of Mexico, the North Sea, in Oman, and in the U.K. by Shell and British Petroleum (BP) [3] .
Most pressure sensors using conventional optical fibers require that pressure be converted into another parameter before being transformed into an optical measurand [5] . In diaphragm-based Fabry-Perot (FP) interferometric fiber pressure sensor, a tiny FP cavity is fabricated at the tip of the fiber, and the pressure can be monitored from the reflected beam intensity [6] , [7] . In some other sensors, fiber Bragg grating has been used [3] . Pressure variation changes the Bragg grating period, which causes wavelength shift of the reflected light that can be measured. In all cases, complex mechanical and optical apparatus are needed, sensitivity to pressure is low, and sensitivity to temperature is a challenging issue where compensation techniques are required.
In recent years, photonic crystal fibers (PCFs) have emerged, in which propagation conditions are realized by a set of holes regularly distributed around the solid core or light is guided in a hollow core surrounded by a cladding structure [8] . This kind of fibers has a wide potential in sensing applications. Its special structure with flexible design opens new opportunities for exploiting overlap between air holes and field of guiding mode in the core and somewhat in clad. So, we can observe that guiding light affects air hole properties such as geometry and refractive index. Another remarkable advantage of these PCF-based sensors is their low temperature dependence when they are used as pressure sensors [8] .
In 2003, Hoo et al. proposed a designed gas PCF sensor containing the target gas in the holes with a length of few centimeters in which the response time of the PCF determines the target gas [9] , In 2006, Bock et al. reported a pressure sensor using PCF exposed to pressure changes externally with low sensitivity, in which pressure changes affect the polarization of the transmitting light [10] . Olivia et al. in 2009 presented a PCF pressure sensor using different mechanisms to enhance the sensitivity in which pressure affects the sensing directly by filling the holes [11] . Using PCF in this method and coiling it circularly make the PCF pressure and temperature sensor more sensitive and practical with nearly 3.24-nm/Mpa sensitivity [4] .
In this paper, we propose a new design of sensor based on a hollow-core PCF for measuring pressure and temperature in the hostile environment of the oil wells. Our research is based on numerical analysis method. The validation of the proposed design is carried out by employing a 3-D finite-difference time domain (FDTD) method with perfectly matched layers. The sensing mechanism in our design is based on the wavelength shift of the PCF resonance associated with the refractive index change induced by the gas sample that is affected by temperature/pressure changes, with special emphasis on geometric parameters of the PCF structure. Considering the findings of previous studies in this area [12] , here, we present the new structure of PCF-based sensor. To our knowledge, as compared to the previously reported pressure sensors [4] , [12] , the proposed design for PCF has the highest sensitivity with a linear dependence of the resonance wavelength on the refractive index of the ambient and holes of PCF.
Design and Operation of Sensor
A 2-D schematic of our proposed sensor structure is demonstrated in Fig. 1 . In the proposed design of sensor, hollow-core triangular PCF is located in a chamber. The chamber is filled with a fixed amount of a specific gas. Light beam with TE polarization is coupled from a laser through the microscopic objective lens into the hollow-core PCF. At the end of chamber, TE-polarized light transmitting through the hollow-core PCF is collected by a microscope objective lens. The residual TM-polarized light can be removed by a linear polarizer.
The gas used in the chamber should have enough stability at high temperature of oil well without chemical reaction with materials used in the device (for example, noble gases such as argon). Another important point that should be taken into account is that the wall effect of the gas molecules must be as low as possible.
Principle specification of this design is realized by a mechanical piston. When we are using the sensor as a pressure sensor, the piston can move due to pressure of oil well environment. This causes the chamber gas to be compressed in high pressure or be dispersed in low pressure. The refractive index alternation of chamber gas caused by pressure/temperature change influences the refractive index of holes and consequently leads to variation of photonic band gap and fundamental modes of PCF. The change of refractive index affects the propagating light. So, we can measure the shift of transmission peak wavelength and, therefore, the corresponding pressure/temperature.
We define the sensitivity as the shift of peak wavelength versus the refractive index change of the gas, which fills the holes and surrounds the fiber. Following [12] , we define the sensitivity as
where Á P is the shift of peak wavelength in ðmÞ, and Án is the refractive index changes in RIU. This process can also be used for measuring the temperature. In this case, instead of pressure, the temperature causes the change in the refractive index of PCF holes. It should be noted that the piston is fixed when temperature is the measurand. Moreover, the sensor design has the ability to measure the pressure and temperature of different gases and liquids with no vacuum system.
To take the advantages of PCF, most of the mode energy should propagate in hollow cores, which are filled with gas. In our pressure sensor design, the thermooptic effect in the glass is much lower than the overall pressure sensitivity. However, temperature effect can be removed completely in pressure sensor by choosing a proper gas. In other word, if thermooptic coefficients in gas and in silica have opposite signs, this gives the possibility to compensate the temperature effect by properly tuning the distribution of mode energy between the air core and the glass cladding [8] .
An important merit of the gas is its ability to be compressed much larger than liquids, which results in higher change of refractive index. The refractive index of a gas is a function of pressure, temperature, wavelength, and density. Selection of the proper gas requires experimental tests to know the change of refractive index of the gas in pressure and temperature range of the oil well. The piston of the design makes a chance to transform the pressure range of the oil well to the best range of pressure, which in PCF has the most sensitivity. So, basic limit for choosing a proper gas is determined by the temperature of the oil well. There are many references for the refractive indices of various gases in different conditions [13] - [16] , but very limited data [like the International Association for the Properties of Water and Steam (IAPWS)] [15] are available at high temperature condition of oil well. In the proposed design, the variations of pressure and temperature are measured by the change of output optical wavelength resonance affected by the variation of refractive index of PCF sensor, and based on that, we analyze the sensitivity of the PCF versus the change of refractive index.
Results and Discussion
Our analysis is carried out by employing FDTD method with perfectly matched layers. The FDTD approach is based on a direct numerical solution of the time-dependent Maxwell equations. The method enables us for the effective and powerful simulation and analysis of even submicron devices with very fine structural details.
Typically tens centimeters long PCF down to few millimeters can be used as the sensor sited in the chamber. We ignore the loss of the PCF because of its short length and the optical nonlinearity effects due to the using of low power laser. In our calculation, we consider a fixed value of refractive index for the silica part of the PCF because its refractive index sensitivity is about two orders of magnitude lower than the gas sensitivity.
The simulation has been done for a short-length PCF of 1.8 m with the aim of analyzing geometric parameters of PCF and wavelength effects on its sensitivity. Regarding Fig. 2 , which shows the cross section of a PCF, geometric parameters include pitch ðÃÞ, radii of holes (b), radius of central hole (a), number of rings (N), and fiber's length (L) and diameter (W ). In the analysis, the refractive index of holes and environment of the PCF, which is filled with gas, is changed around n 0 ¼ 1 (the refractive index of vacuum) simultaneously to see the effect of outside temperature and pressure variation.
We use a continuous light source at 1.55 m with a Gaussian field in the simulations. PCF sensitivity (S) is proportional to the overlap of the field with the holes containing the gas. Fig. 3 shows the effect of holes radii on sensitivity (left axis) and area of fundamental mode (right axis), for a PCF with L ¼ 1:8 m, Ã ¼ 4 m, W ¼ 90 m, and N ¼ 7. Sensitivity has been defined as peak wavelength shift versus the refractive index change of ambient and holes of the PCF. Fundamental mode area is defined as the specified circular region in which the integrated power is about 80% of total guided power at the fundamental mode. Filled squares illustrate the area of fundamental mode for a PCF length of 1.8 m and the nonfilled squares curve shows the sensitivity in pm=10 À2 RIU. By increasing holes radii, area of fundamental mode and the energy density of the electromagnetic field within the structure changes nonuniformly, which leads to the variation of sensitivity. By suitable design, these enhanced local fields increase the light-matter interaction. This consequently results in increasing overlap between fundamental mode and the refractive index of the gas, and thereby, sensitivity (which is proportional to the energy fraction of the resonant mode field interacting with the gas) increases. Fig. 4 demonstrates the sensitivity as a function of radius of holes for different values of pitch Ã ¼ 3; 4; 5, and 6 m, and a ¼ b. It can be seen that shorter pitches (3 and 4 m) are followed by higher sensitivity and larger change of the sensitivity curves. This implies that the sensitivity at shorter pitches is strongly dependent on gas area. It should be noted that, in longer pitches (5 and 6 m), the mode area plays a significant role in contrast to shorter pitches.
In Fig. 5 , the sensitivity is plotted for different values of pitch while radii of holes are fixed. As we expect, increasing the hole size and decreasing the amount of pitch have the same effect on the sensitivity because, in both cases, the gas area increases. For higher pitch values (as Ã ¼ 5; 6 m), the sensor has lower sensitivity with a small variation versus radii of holes=Ã. The results show that we can reach the sensitivity of 33 pm/RIU by changing the pitch and holes radii. In other words, with a proper design, as the pitch value decreases the fraction of overlap between the gas filled area and the fundamental mode area will be increased, which causes the increment in the amount of sensitivity, and the same phenomenon happens as the hole size increases.
Since the central hole in the PCF has an important role on sensitivity by overlapping with the mode area, we analyze its geometric effect on sensitivity. With increment of central hole radius more than length of pitch, there will be an overlap between the central hole and the adjacent holes as shown in Fig. 6. In Fig. 7 , the effect of central hole radius change on sensitivity is shown for two different pitches (3 and 6 m) versus the ratio of radius of central hole to other holes (a=b), while the ratio of radius of others holes to the pitch ð2b=ÃÞ is 0.94. That is, the maximum area of the PCF is occupied by the gas. We see that the sensitivity has a maximum amount of 35 pm/RIU around a=b ¼ 1:5. Higher values of central hole radius causes the increase of sensitivity up to a maximum amount; however, beyond a specific value of a=b, the confinement of fundamental mode decreases, which leads to the drop of sensitivity as depicted in the figure.
In Fig. 8 , sensitivity results for two other different PCF designs with Ã ¼ 3 m versus the ratio of radius of central hole to other holes (a=b) are presented with the radius of central hole as a parameters. The sensitivity changes with b, and it has a greater maximum for larger values of b. For example, the sensitivity is about 37 and 22 pm=10
À2 RIU for b ¼ 1:4 and 1 m, respectively. In Fig. 9 , we analyze the sensitivity versus input optical wavelength for a PCF with
Note that the group index in silica is inversely related to the wavelength of light [17] , that is, lower group index for higher wavelengths (in our operating wavelength region); thus, it has the similar effect on sensitivity as increasing the hole size. The effect of light source polarization and wavelength on the sensitivity of this PCF is summarized in Table 1 . The circular polarization of input light results in higher sensitivity as compared with the linear polarization.
All the simulation results were obtained for a PCF length of 1.8 m, but practically, most sensors have longer lengths. Here, we use the optimized structure (with higher sensitivity) to analyze for longer length of the PCF to increase the sensitivity. So, we analyze the sensitivity for the PCF with specifications of Fig. 6 for a length of 250 m at 1.55 m and linear input polarization. We obtain a sensitivity of 483.22 nm/RIU. This short PCF decreases the response time of the sensor. In Table 2 , we compare the sensitivity of our PCF sensor design with the others works. We have converted sensitivity of [3] , [4] , and [12] in Table 2 to the scale of nm/Mpa using [13] . This conversions is done for a typical gas (here propane) in which pressure change is converted to refractive index change at a fixed high temperature (about 120 C), to make them comparable with each other. To our knowledge, the sensitivity that we obtained here by the proposed design of PCF sensor is much higher than other sensors reported so far.
Conclusion
We proposed a new design of pressure/temperature PCF sensor and analyzed the effects of geometrical parameters on PCF sensitivity. Sensitivity has been defined as peak wavelength shift versus the refractive index change of ambient and holes of the PCF. We see in a PCF with homogenous holes that the increase in hole size results in higher sensitivity if the fundamental mode area increases. We studied the effect of radii of holes and the amount of pitch on the sensitivity of the PCF. The effect of light source polarization and the wavelength on the sensitivity of the PCF has been studied. We obtained the sensitivity of about 480 nm/RIU for a 0.25-mm length of our proposed PCF sensor, which is, to our knowledge, much higher than other sensors reported so far. Comparison of proposed design with the other practical works
